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In the field of the immobilization of tri-and tetravalent minor actinides, apatites and especially britholites were already proposed as good candidates. In order to simulate tetravalent minor actinides, the incorporation of thorium, through dry chemical routes, was studied in britholite samples of general formula Ca 9 Nd 1-x Th x (PO 4 ) 5-x (SiO 4 ) 1+x F 2 . The study showed that the incorporation of thorium was effective whatever the thorium reagent used or the grinding conditions considered. Nevertheless, it appeared necessary to use mechanical grinding (30 Hz, 15 minutes) before heating treatment (T = 1400°C, 6 hours) to improve the reactivity of powders and the sample homogeneity. In these conditions, the incorporation of thorium in the britholite structure occurred above 1100°C. The heating treatment at 1400°C led to single phase and homogeneous compounds. This work also underlined the necessity to 
Introduction
In the frame of long-term storage of nuclear wastes, several ceramic matrices were already proposed as good candidates for the immobilization of minor actinides such as Np, Am or Cm [1] . Zirconolite Ca 1-x 3+ or An 4+ , X = Si or P and Y = F or O) were considered for the simultaneous incorporation of An(III) and An(IV) [2] . Indeed, in natural apatites, particularly those coming from the Oklo fossil nuclear reactors (Gabon), the structure was able to immobilize over the lanthanides, a large variety of cationic substitution (as example by U, Th, Pu) [3, 4] . Silicate based apatite samples (britholites) of In Ouzzal site (Algeria) contain up to 50 wt.% of trivalent lanthanides (La, Ce, Nd) and tetravalent actinides (U, Th) [5] . Moreover, the apatitic structure seems to be able to anneal the defects generated by self-irradiation, even at low temperature [6] . But it has been also proved that the metamictization (destruction of the crystal lattice consequently to radiation damage) depends on the chemical composition of the apatites [6] .
The formation of Ce(III)-bearing apatite was observed in natural media. So, the preparation of full-silicated apatites bearing large amounts of Ce (up to 10 atoms per unit formula in the calcium sites) has been reported [7] [8] [9] [10] [11] . The chemical compositions were determined from the substitution of Ce 3+ in the Ca 2+ site. More recently, in some natural apatites, the cerium was found to be tetravalent depending on the oxidizing conditions considered but not homogeneously distributed in the structure [12, 13] . Although a lot of natural Th-bearing apatites were considered for the Th-U thermochronology [14] [15] [16] , no study was published on synthetic Th-apatites except the preparation of the full-silicated apatite [19] .
In the aim to study Cm-doped nuclear waste glasses, crystallites of on natural apatites showed that silicated apatites are always found in the metamict state although the mono-silicated fluorapatite is always found to be crystallized despite they received thermal events and severe irradiation environment [6] . For this reason, the monosilicated britholite Ca 9 Nd(PO 4 ) 5 (SiO 4 )F 2 (in which Nd is used as a surrogate of trivalent actinides) was first considered in the aim to immobilize actinides [23] .
On the basis of the natural analogues and external irradiation studies [24] which clearly identified the mono-silicated fluorapatite as a potential host matrix and on the basis of the synthesis [23, 25] and the sintering [26, 27] studies developed on Nd-bearing britholites, the incorporation of tetravalent actinides (Th, U) in britholites was examined.
The limit of incorporation was first fixed to 10 wt.%. Neodymium was used as a surrogate of trivalent actinide. In order to perform the incorporation of tetravalent actinides, neodymium was partly substituted by thorium in the aim to prepare Ca 9 Nd 0.5 Th 0.5 (PO 4 ) 4.5 (SiO 4 ) 1.5 F 2 samples. So, (Nd,Th)-britholites were synthesized considering several ways, all based on dry chemical processes. We mainly focused our study on the use of thorium oxide as a Th-reagent in order to evidence the successive steps of the incorporation of this actinide in the britholite structure. Finally, the influence of the nature of the coupled substitution considered on the thorium incorporation in the britholite structure was also examined.
In order to simplify the notation, britholites loaded with neodymium (e.g. 
Experimental

Preparation of the samples
Two kinds of syntheses were performed. The first one involved a manual grinding of the powders in acetone for 15 minutes. It was followed by the evaporation of the solvent then finally by a heating treatment at 1400°C for 6 hours under inert atmosphere (argon).
The second way was significantly different from the previous one since it involved mechanical grinding steps of the powders in a zirconia crusher for 15 minutes. The frequency of the oscillations of the crusher (RETSCH MM200) varied from 0 to 30 Hz, depending on the grinding efficiency expected. The ground mixture was thus heated at 1400°C for 6 hours under inert atmosphere (argon) in a PYROX HM 40 furnace with heating and cooling rates of 5°C⋅min -1 .
In order to avoid any reaction between silica and alumina which was systematically observed in a first series of experiments, all the powders were heated in platinum or in alumina lined by platinum boats.
The use of manual grinding always led to less homogeneous samples compared to mechanical grinding of the initial reagents. For this reason, the major part of the samples was prepared through the second way of synthesis.
Characterization of the powders
The specific area of the powders was measured with a Coulter SA 3100 apparatus using the B.E.T. method (nitrogen adsorption at 77 K). TGA and DTA experiments were performed with a Setaram TG 92-16 apparatus under inert atmosphere (argon) with a heating rate of 10°C⋅min -1 . The X-Ray powder Diffraction (XRD) patterns were collected with a Bruker AXS D8 Advance diffractometer system using Cu K α rays (λ = 1.5418 Å).
The Electron Probe MicroAnalyses (EPMA) were carried out using a Cameca SX 50 or 
Results and discussion
Optimization of the conditions of synthesis
The preparation of (Nd,Th)-britholite samples with x = 0.5 was optimized by the study of two important parameters: the thorium reagent used, on the one hand, and the grinding conditions, on the other hand. The purpose was to improve the final homogeneity of the samples in respect to the Nd-britholite way of synthesis based on a manual grinding in acetone described in the literature [23] .
Influence of the thorium reagent
Several thorium reagents were considered: ThO 2 , α-ThP 2 O 7 and β-TPD. All the samples were prepared thanks to a manual grinding before heating treatment. After each heating steps, XRD patterns were recorded. They only revealed the presence of the XRD lines of the britholite structure [25] excluding the formation of secondary phases. However, in the first unsuccessful syntheses where thorium was not incorporated in the britholite structure, it was still present as ThO 2 (JCPDS file n° 42-1462) consecutively to the decomposition of thorium phosphates at this heating temperature.
EPMA experiments carried out on the three compounds (Table 1) confirmed the results observed from XRD. Indeed, the major part of thorium was incorporated in the britholite structure for the three reagents considered. A more accurate analysis of the results revealed that the samples were heterogeneous since two average compositions of britholite were evidenced. The composition of the first one (major phase) was consistent with that expected while the second one (minor phase) was enriched in thorium, neodymium and silicon (particularly when using ThO 2 and α-ThP 2 O 7 as initial Th-reagents). Both phases kept the mole ratio (Si+P)/(Ca+Nd+Th) near to 0.6 necessary to ensure the charge compensation in the britholite structure.
The incorporation rate of thorium was mainly dependent on the specific surface area of the initial Th-reagent used (thus on its reactivity). Indeed, ThO 2 which exhibited the highest specific area (S.A. = 8 m α-ThP 2 O 7 ) lead to more homogeneous samples consequently to a better incorporation of thorium. Thorium dioxide with these physico-chemical properties was thus preferred as the initial Th-reagent to follow the study.
Influence of the grinding step
In order to increase the reactivity of the initial precursors and to improve the homogeneity of the final compounds prepared, several conditions of mechanical grinding were studied (especially to improve the grinding efficiency). Three samples were prepared using different sets of grinding conditions: manual grinding in acetone for 15 minutes or two mechanical grindings (15 Hz or 30 Hz for 15 minutes).
The influence of the grinding step on the specific surface area is really obvious. Indeed, while the mixture of the reagents (before grinding) presented a specific surface area of 0.8 ± 
Incorporation of thorium versus the heating temperature
Considering the conditions of synthesis previously defined (mechanical-grinding at 30
Hz for 15 minutes followed by calcination at 1400°C for 6 hours), it was interesting to understand the successive chemical steps leading to the incorporation of thorium in the britholite structure. So, this incorporation was followed versus the heating temperature for 
TGA -DTA experiments
TGA and DTA experiments were performed using CaO instead of CaCO 3 because of the high contribution of CO 2 release coming from the decomposition of CaCO 3 in the global weight losses. The following reaction was thus considered for TGA-DTA:
The TGA curve (Fig. 2) exhibited a weight loss of 2 % between 350°C and 450°C associated to an endothermic peak on the DTA curve, corresponding to the loss of water molecules associated to the decomposition of calcium oxide hydroxide CaO 1-x (OH) 2x into anhydrous calcium oxide CaO (which exhibits an important hygroscopic character).
For higher temperatures, only a small weight loss (0.5 %) was observed between 1070°C and 1200°C. It was associated to a broad endothermic peak (Fig. 2) 
XRD analysis
In order to follow the formation of britholites, XRD patterns were recorded on samples heated at several temperatures ranging from 500°C to 1400°C with a step of 100°C (Fig. 3) .
The associated refined unit cell parameters are reported in Table 2 and their variations versus the heating temperature are summarized in Fig. 4 . Correlatively, the chemical composition was followed by EPMA versus the heating temperature (Fig. 5 ).
From these results, several steps were evidenced in the thorium incorporation. Apatite structure was first formed between 800°C and 900°C while neither thorium nor silicates participate to the "elaboration" of the structure as indicated from the refined unit cell parameters and from the EPMA experiments. These analyses confirmed the formation of fluorapatite Ca 10 (PO 4 ) 6 F 2 containing only small amounts of silicate, neodymium and thorium at these temperatures. Both neodymium and thorium were still present in the oxide form in the mixture, as shown from the XRD patterns while SiO 2 , which remained amorphous, was detected with difficulty.
For T ≥ 1000°C, Nd 2 O 3 was not still detected in the XRD patterns while the intensity of the XRD lines associated to ThO 2 strongly decreased, showing the progressive incorporation of thorium in the britholite structure between 1000°C and 1100°C (Fig. 3) . Simultaneously, the weight percent of thorium, neodymium and silicon significantly increased in the britholite structure as shown by the refined unit cell parameters (Fig. 4) and the elementary weight loadings (Fig. 5) . Above 1100°C, the refined unit cell parameters tend to that of the final (Nd,Th)-britholite sample (with x = 0.5) (Fig. 4) while the elementary weight percent are in good agreement with that expected (Fig. 5) . However, the EPMA analyses revealed that the compounds were more homogeneous when increasing the temperature up to 1400°C.
Previous studies carried out on Nd-britholites, prepared from a mixture of reagents manually ground, showed that the incorporation of neodymium occurred above 1200°C.
Audubert explained the formation of Nd-britholite by the formation of intermediates such as 
Preparation of Ca 9 Nd 1-x Th x (PO 4 ) 5-x (SiO 4 ) 1+x F 2 solid solutions
On the basis of the previous results, the incorporation of thorium in britholite was studied through the elaboration of these results, the reaction between all the initial reagents appeared to be complete. In order to complete the characterization, the samples were also examined by µ-Raman and infra-red absorption spectroscopies: all the vibrations band observed can be assigned to the vibrations of PO 4 or SiO 4 characteristic in apatitic structure (Fig. 7) .
The samples were characterized by EPMA (Table 5) The corresponding refined unit cell parameters are gathered in Table 3 while their variations versus the average substitution rate are reported in Fig. 8 and in Table 4 . 1.00 Å [30] ) and of phosphate group by larger silicate entities [28] . Indeed, the average lengths of P-O and Si-O bonds in XO 4 groups are usually equal to 1.53 ± 0.03 Å for P-O bond and 1.61 ± 0.02 Å for Si-O bond, leading to larger tetrahedra for silicate groups [31] .
The observations of the samples by SEM (Fig. 9) previously optimized were kept constant.
The XRD patterns revealed that the samples were polyphased, composed by britholite, thorium dioxide, and huttonite ThSiO 4 for the highest x values.
The EPMA results (Table 6 and Fig. 10 ) revealed a good accuracy between the experimental weight percents compared to that expected for x ≤ 0.5. On the contrary, thorium was partly incorporated in the britholite structure for x ≥ 0.66 (pointed by the dash box in Fig.   10 ) leading to polyphase samples. The weight percent of thorium loaded in these samples reached only 9 to 11 wt.% instead of 13 to 19 wt.% expected. Simultaneously, the mole ratio PO 4 /SiO 4 , which remained close to 5/1 confirmed that the stoichiometry of britholites was kept.
The variations of the refined unit cell parameters (Table 7 and Fig. 11 ) remained very low for x ≤ 0.5 and did not vary significantly for x ≥ 0.66. Since the mole ratio PO 4 /SiO 4 remained constant, this variation was only correlated to the replacement of neodymium by thorium in the structure. )) clearly evidenced the benefit of using the first one (Fig. 12) which led to accurate and expected results for all the chemical compositions considered. On the contrary, for the second way, only samples with x ≤ 0.5 were obtained as pure and single phase compounds indicating a limit of loading of around 10-11 wt.%.
Conclusion
From the results obtained, the incorporation of thorium in the britholite structure occurred above 1100°C but it was necessary to fire the initial mixture at 1400°C for 6 hours to prepare single phase and homogeneous compounds. The incorporation of thorium in the britholite structure was observed for all the thorium reagents used (oxide or phosphate). The use of a mechanical grinding step (15 minutes, 30 Hz) allowed to increase the specific surface area (thus the reactivity) of the mixture and led to a better homogeneity of the final samples.
The optimized conditions were fixed to a mechanical grinding (15 minutes, 30 Hz) followed by a heat treatment at 1400°C for 6 hours.
The incorporation of thorium in the structure is probably possible due to the small differences of ionic radius between calcium, neodymium and thorium ( These results contrast with that obtained when using the coupled substitution
) which confirmed a limitation of about 10 wt.% in the associated to some problems occurring in the charge balance because of the partial substitution of fluoride ions by oxide ions.
On the basis of the results reported in this paper, the sintering of (Nd,Th)-britholite (with x = 0.5) was undertaken in order to perform the densification of the samples. These sintered dense pellets were leached to study the chemical durability of this potential waste storage matrix [33] . Furthermore, it also appeared interesting to study the incorporation of a smaller tetravalent actinide which could exhibit several oxidation states during the synthesis, the sintering process and the leaching tests. This naturally led us to study the incorporation of uranium in the britholite structure. 
